A rice starch mixture pre-mixed with thermostable u-amylase was extruded in u pilot co-rotating twin-screw extrude& with the die replaced by a slit rheometer The apparent viscosity at the slit wall was determined for a variety of operating conditions. The factors studied were barrel temperature (70-l 10°C), water content (5.50-650 glkg rice mixture), flow rate (8 x lo-' to 25 x lo-" m31s)
INTRODUCTION

Extrusion
has become an important processing technique in an increasing variety of food processes (Harper, 1979) .
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The potential of an extrusion cooker to be operated as a bioreactor was only realised after it was observed, in the late 1970s that some enzymes could remain active after extrusion cooking of cereal-based material under relatively mild processing conditions (Colonna et al., 1989) . Until then, several authors had reported nearly quantitative inactivation of a-amylases during extrusion cooking, under typical process conditions (Link0 et al., 1983) .
Given the many uses of modified starch, having well-defined characteristics, there is a significant potential in the development of techniques that can efficiently promote enzymatic modification of starch, with a good control of the extent of modification caused. This establishes the interest in mathematical descriptions of the enzymatic extrusion process as a basic tool for engineering design.
Efforts to simulate food extruders have drawn extensively from the polymer literature because of the general similarities. One of the major distinctions among the various models is the nature of the rheological assumptions concerning the extruding dough (Clark, 1978) . Rheology provides an effective method for characterising changes in the material during extrusion cooking (MacKey and Ofoli, 1990 ). Rheological models can be applied to predict product quality and used in process control (Harper, 1981) .
However, and although food extrusion is well established commercially, there is a small amount of published rheological data (Altomare et al., 1992) . This fact is even more relevant when dealing with food doughs extruding in the presence of enzymes, where even the type of model to look for has not been analysed in the literature. Although it is intuitive that a time-dependent model such as the one proposed by MacKey and Ofoli (1990) could be applied, it is not known to what extent timedependency will affect the results.
Capillary rheometry has been used to determine the shear rheological properties of viscoelastic fluids. However, this procedure involves the use of several dies of different lengths and diameters. Moreover, it does not provide rheological data of melts that have experienced the complete processing history in the extruder (Senouci and Smith, 1988) . Therefore, one is actually measuring the rheological properties of extrudates -that is, of food doughs that have already expanded and dehydrated. An alternative is the use of a slit die viscometer attached to the extruder, which performs an on-line measurement of the extruding material, prior to expansion and dehydration.
A laboratory-size twin-screw extruder coupled with a slit die viscometer offers a unique opportunity to add to the body of extruded food rheological information (Altomare et al., 1992) . This type of rheometer is based on measurements of flow rate and pressure drop along the slit die, that are converted into estimates of the shear rate and shear stress at the wall following the well-established Rabinowitz procedure (Steffe, 1992) .
Twin-screw extruders are normally starve-fed. This allows the adjustment of throughput and consequently shear rate without changing extruder conditions. The pressure gradient along the rectangular channel, necessary for the determination of the food melt viscosity, is directly measured using flush-mounted melt pressure transducers.
To analyse the rheological properties of the dough, several measurements are required at different experimental combinations of the various factors that are considered important in terms of the rheological model.
The dependency of apparent viscosity on the measuring conditions in the slit rheometer is well described in viscometry (Steffe, 1992) , following a stepwise buildup of the model. The model suggested in this work arises from assuming, empirically, that the rheometer/extruder combination will yield the same type of dependency.
This means that the interpretation of results considers joint!y the effects of the extruder conditions (i.e. the processing) and of the slit conditions, because only integrated results can be obtained experimentally.
The water contents used in this study were generally higher than those used in other extrusion modelling publications. The main reason for this is the fact that this study concerns the enzymatic extrusion of starch -that is, optimised for high moisture conditions (Linko, 1989) .
The independent variables considered were moisture content and enzyme concentration in the feed stream, temperature of the extruding dough and flow rate.
MATERIALS AND METHODS
Raw material
The raw material used was a rice starch mixture containing 86% (minimum) starch with 1.5% protein content and 6.0% (w/w) moisture content from California Natural Products (Lathrop, CA, USA). The starch powder was blended with tap water (hardness: 30 mg/l CaC03) in a Hobart mixer to the specified slurry water content. The enzyme used was Termamyl (NOVO, Novo Nordisk Enzymes Division, Bagsvaerd, Denmark), a liquid enzyme preparation containing a heat-stable x-amylase expressed in and produced by a selected strain of Bacillus licheniformis. Linko (1989) reported a better enzymatic activity for starch added to the extruder as a premixed slurry. The slurry with the starch and the enzyme was fed to the extruder by a peristaltic pump.
Extrusion
Extrusion tests were performed with a System90 torque rheometer (Haake Buhler, Paramus, NJ, USA) that provides computer control and data acquisition for a MPC/ V-30 corotating twin-screw extruder (APV, Staffordshire, UK). The screws had four sections: a feed section with deep flights and 222 mm axial length, a kneading section with 33 mm axial length, a compression section with a decreased pitch and 98 mm axial length, and a metering section with very shallow flights and 28.5 mm axial length. This configuration was suitable for high moisture doughs. The extruder was operated in the starve-feeding mode, which means that the throughput was independent of the screw speed. The screws rotational speed was maintained at 225 rpm. The die was replaced by a slit rheometer.
Rheological determinations were based on data readings of the slit rheometer. Pressure along the 146 mm long slit rheometer was measured in three locations: 44.45 mm, 82.55 mm and 120.65 mm from the entrance. The pressure transducers (Dynisco, type PT422A) were calibrated at each operating temperature for accurate readings. To increase accuracy, three different pressure ranges were selected in the transducers: O-34 atm near the die exit, O-68 atm in the middle and O-102 atm near the extruder barrel. A computerised data acquisition system (Rheocord System 90, Haake Buhler) attached to the rheometer was used to record the temperatures (melt and set temperatures), the three pressure readings, the screw speed and the torque, in steps of 6 s. Data collection was initiated after steady-state was reached, as determined by constant pressure and torque readings.
Added moisture, amount of enzyme added, barrel temperature and flow rate were the conditions varied in this study. The operating conditions used were all the combinations of the values detailed in Table 1 with some replicates, in a total of 573 points.
The temperature in the slit rheometer was always maintained equal to that in the barrel. Product temperatures in different zones of the barrel and in the slit die were set using the control software. Temperatures and deviations from the set temperatures were measured by eight thermocouples along the extruder barrel and two in the slit die torque rheometer and controlled with electrical heating and air cooling systems, in a range of +2"C.
The selected amounts of enzyme added were based on the dosage normally used in the paper industry (Lovin and Wheeler, 1990) .
Slit viscometry
The following assumptions, generally assumed in slit viscometry (Altomare et al., 1992) $1 $1 (5) (6) (7)
were used to inierpret Fhe slit data: The apparent viscosity at the slit wall was calculated from the pressure drop and flow rate in the slit, using the flow equations. It can be demonstrated easily (Steffe, 1992) that, for the slit geometry, neglecting end effects and assuming the no-slip condition at the wall, the shear stress at the wall (7,) is given by:
where AP is the pressure drop along the slit and L and H are the slit length and height, respectively. The shear stress at the wall (yW) is given by:
where n' is the slope of the tangent of the logarithmic plot of z, versus I; that is:
with I being the shear rate if the fluid would be Newtonian:
with X being the slit width and Q the volumetric flow rate.To obtain n', it is necessary to determine several values of shear stress and shear rate by varying the flow rate. However, this affects the operating conditions because the slit is connected to the extruder. It would be necessary to vary the flow rate passing through the slit without affecting the flow rate through the extruder to obtain the correct value of n'. Since this is not possible, it must be assumed that the flow rate does not affect n' significantly. This hypothesis is preferable over the alternative of assuming yW = I, which implies n' = 1. The apparent viscosity is the ratio between the shear stress and the shear rate. This analysis does not imply any type of rheological behaviour of the fluid. If a power law can be applied, then n' is constant and equal to the fluid behaviour index n.
Since three measuring locations existed, it could be verified experimentally that the end effects were negligible, which is reasonable for the high L/H ratio of the slit. The use of a slit rheometer has the disadvantage that results are obtained for a range of high shear rates only and if the fluid is non-Newtonian, as expected, this is not a full characterisation of the fluid rheological behaviour. Each value was the result of continuous readings for a minimum of 1 min.
Rheological model
The methodology selected for determining the different parameters of the rheological model was a stepwise regression.
Many rheological models have been proposed for non-Newtonian fluids. However, it has been reported that most often the simple power law was adequate for many foods (Clark, 1978) for a relatively small range of shear rates:
The variation of the behaviour index (n) and the consistency index (K) with the operating variables was analysed and the model variables incorporated one by one. This procedure was preferred to the establishment of an empirical model and therefore develops as the results are analysed, which implies that no other assumption is made that is not. justified by the experimental data.
RESULTS AND DISCUSSION
Linear regressions with eqn (5) were performed for the several sets of data, grouped by constant temperature, moisture and enzyme concentrations (84 sets, as can be seen in Table 1 ). No particular trend was found for any of the factors studied (temperature, enzyme concentration and water content), while a normal distribution of the residuals of the individual values of II around the average, 0.35 was observed, with a standard deviation of O-03. It is important to note that the parameters of the power-law model are highly collinear. This means that for a value of n that is within the confidence limits there is a small range of K values that form a pair of parameters whose predictions are not statistically different from the solution. However, when analysing only one parameter, a large spread can be found. If a constant value of II appears to describe all the results well, it is essential to recalculate the best values of K for that II and disregard the previous values.
If II can be considered constant, the recalculated consistency indexes will then be divided in the several contributing factors in the same way. In relation to temperature, Morgan et al. (1989) have assumed a constant behaviour index and an exponential dependency of the consistent index with temperature following an Arrhenius type equation.
where AE, is the activation energy for viscous flow processes, R is the gas constant and T, a reference temperature. The use of a reference temperature decreases the collinearity of the confidence region and is therefore preferable for the regressions. The lowest temperature, 70°C was considered. Several sets of data can therefore be analysed, determining the several KT and AE, (21 sets, as can be seen in Table 1 ). The activation energy varied slightly with the remaining variables (enzyme concentration and moisture content), but within the range of experimental error; therefore, for modelling purposes, an average was used (AEJR = 4077 + 271) and values of KT for this fixed activation energy were obtained. The Arrhenius parameters, like the power-law parameters, are also highly collinear, so the values of KT that fit the results best for a fitted value of AE,/R must also be recalculated.
The following step was to incorporate the effect of the enzyme concentration in the rheological model. The incorporation of the concentration of different compounds in rheological models has been reported in literature as following a power-law model (MacKey and Ofoli, 1990) but few have involved enzymes. Taking this suggestion anyway:
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Regressions of the several sets of data were done for the different moisture levels used in the study, and fit to eqn (7) (three sets, as can be seen in Table 1 ). The regressions obtained were quite good, and the power index remained fairly constant for the different moisture contents studied (a = -0.457+0.05). Once again, the best values of KE for a fixed value of a ( -0.457) were recalculated.
The effect of moisture content was then incorporated in the changes observed in the consistency indexes (IQ. Clark (1978) has used an exponential form of variation of viscosity with moisture with some success, and therefore this kind of dependence was selected:
With MC, being a reference moisture content (0.55). In fact, the exponential relationship between viscosity and water content is well documented in the literature The parameters obtained with this stepwise regression were compared with some published values. However, because little work has been done combining rheological modelling of enzymatic wet extrusion, it was not possible to compare the same range of conditions, especially for the parameter that describes the effect of the enzyme concentration.
For a moisture content of 85% and a temperature of 54°C Luxenburg et al. (1985) reported a behaviour index of II = O-37. Jao et al. (1978) extruded defatted soya in a range of temperatures from 15 to 160°C and a moisture content of 2.5-63%, and obtained a variation of 12 between 0.16 and 0.75. Cervone and Harper (1978) studied the extrusion of pregelatinised corn flour using a range of temperatures between 90 and 150°C and a range of moistures between 22 and 35%, and obtained II = 0.36 and an activation energy AE,IR = 4390, which are fairly close to the parameters obtained in this study. They included also the effect of moisture content in the rheological behaviour of food extrudates and obtained a b value of -6.8, again quite close to the one obtained in this study. However, their results were obtained by off-line rheological measurements. Figure 1 shows a diagnosis plot of the experimental data compared to eqn (90 predictions. The residuals between predicted and experimental values are also shown in Fig. 1 , where it can be seen that a close to normal distribution, with average zero, was obtained. The model is therefore statistically acceptable, not showing any particular trend or systematic error.
Figures 2-4 show some representative results, where the adequacy of the model to predict the effect of individual factors is shown. The experimental data are compared with the predictions of eqn (9), not with the best individual regressions of eqn (6) eqn (7) accuracy of the experimental error. Results showed a good fit of the experimental data with an overall model. The behaviour index was approximately constant within the range of variables used. Similarly, constant exponential parameters were found for the influence of temperature and added water in the consistency index, together with a power-law dependency on the enzymatic concentration.
